Vulnerability of the central nervous system to mercury is increased during early development. This study aimed to evaluate whether cord blood total mercury levels may have a negative effect on both mental and psychomotor development in a maternal-birth cohort from moderate-high fish consumption areas. Study subjects were 1,683 child participants in the INMA (Environment and Childhood) Project from 4 areas of Spain between 2003 and 2010. Cord blood total mercury levels were analyzed by atomic absorption spectrometry. Infant neurodevelopment was assessed around age 14 months by the Bayley Scales of Infant Development. Sociodemographic, lifestyle, and dietary information was obtained by questionnaire during pregnancy. The geometric mean of total mercury levels was 8.4 lg/L (95% confidence interval (CI): 8.1, 8.7). In multivariate analysis, a doubling in total mercury levels did not show an association with mental (b ¼ 0.1, 95% CI: À0.68, 0.88) or psychomotor (b ¼ À0.05, 95% CI: À0.79, 0.68) developmental delay; however, stratified findings by sex suggest a negative association between prenatal exposure to total mercury and psychomotor development among female infants (b ¼ À1.09, 95% CI: À2.21, 0.03), although follow-up is required to confirm these results. child development; fetal blood; fetal development; mercury; neurobehavioral manifestations; prenatal exposure delayed effects
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Mercury is a ubiquitous environmental toxicant that derives from both natural sources and human activity. In aquatic environments, some bacteria can methylate inorganic mercury to form methylmercury, which bioaccumulates in marine organisms and is biomagnified through the food chain (1, 2) .
Diet is currently considered the major source contributing to mercury exposure levels, especially consumption of marine species (3) . Predatory fish such as swordfish, shark, and tuna have the highest concentrations of methylmercury (4, 5) . Moreover, methylmercury bioaccessibility in these fishes, for example, swordfish, may reach 94% (6) . Several studies have confirmed a relation between mercury blood levels in humans and fish consumption (7) (8) (9) (10) (11) (12) (13) .
Mercury, particularly methylmercury, is known to be neurotoxic to humans (2) . Vulnerability of the central nervous system to these substances is increased during early development, especially during the prenatal period (2, 14) . Ingested methylmercury is almost totally absorbed and may cross the placenta and blood-brain barriers (15, 16) . Effects on brain function due to prenatal exposure to mercury may appear in the long term. The results in the Faroe cohort study showed an association between prenatal exposure to mercury and effects on motor speed, attention, and language at ages 7 and 14 years (17) .
Epidemiologic studies have been conducted within variable fish-eating populations in order to examine the consequences of chronic exposure to low doses of methylmercury on cognitive development; nevertheless, the results obtained have been controversial, especially regarding younger children (<3 years) (18) . Several birth cohort studies conducted in Faroe (19) , Massachusetts (United States) (20) , Tohoku (Japan) (21) , and Krakow (Poland) (22) reported an inverse association between neuropsychological test scores before the age of 3 years and prenatal mercury exposure. However, another 6 birth cohort studies conducted in Ontario (Canada) (23), Bristol (United Kingdom) (7), Porto Velho (Brazil) (24) , New York (United States) (25) , Seychelles (26) , and China (27) reported no evidence of any association.
Fish intake during pregnancy has potential benefits for fetal development, since it is a rich source of nutrients necessary for healthy development and function of the nervous system (7, 20, 28, 29) . However, there is concern that exposure to methylmercury at levels achieved by mothers with regular fish consumption during pregnancy may impair their children's development despite these beneficial nutrients (30) .
In a previous study, we reported relatively elevated levels of prenatal exposure in our cohort, with 64% of newborns having mercury levels in whole cord blood exceeding levels equivalent to the current US Environmental Protection Agency (EPA) reference dose (12) . Therefore, the purpose of the current study is to assess whether these cord blood mercury levels may have a negative effect on both mental and psychomotor development at the beginning of their second year of life in a large population-based cohort study in which fish consumption is moderate-high.
MATERIALS AND METHODS

Population and study design
Study subjects were participants in the INMA (Environment and Childhood) Project, a multicenter cohort study that aims to investigate the effect of environmental exposures and diet during pregnancy on fetal and child development in different geographic areas of Spain (http://www.proyectoinma.org). The study protocol has been reported elsewhere (31, 32) . Briefly, the original population in this study consisted of 2,644 women recruited at the first trimester of pregnancy Sabadell (Catalonia), Gipuzkoa (Basque Country), Asturias, and Valencia. Excluding the women who withdrew from the study, were lost to follow-up, and had induced or spontaneous abortions or fetal deaths, we followed up on a total sample of 2,506 (95%) women until delivery (May 2004-August 2008). Their children were enrolled at birth and were followed up until they were 2 years of age (n ¼ 2,361, 89%). The final study population was made up of 1,683 mother-child pairs in whom both mercury levels and neurodevelopmental test results were available. Informed consent was obtained from all participants in each phase, and the study was approved by the hospital ethics committees in the participating regions.
Mercury exposure
Whole blood samples were collected by using venipuncture of cord vessels before the placenta was delivered. Samples were processed, separated into aliquots of 1 mL, and then frozen to À80°C until analysis. One aliquot was used to analyze total mercury by thermal decomposition, amalgamation, and atomic absorption spectrometry by using a singlepurpose AMA-254 advanced mercury analyzer (LECO Corporation, St. Joseph, Michigan). Total mercury levels in cord blood samples were available for 1,886 motherchild pairs. The analytical procedure has been described elsewhere (12) .
Child neurodevelopment test
Neurodevelopment of the children was assessed around age 14 months (range, 11-23 months) by using the Bayley Scales of Infant Development that assess age-appropriate mental and psychomotor development, including performance abilities, memory, early language skills, psychomotor skills, and coordination. The Bayley Scales are composed of the mental scale (163 items) and the psychomotor scale (81 items). All testing was done in the corresponding health care center in the presence of the mother, by a total of 12 trained psychologists. Raw scores were standardized for child's age in days at test administration. Standardized residuals were then typified by having a mean of 100 points (standard deviation, 15) to homogenize the scales. 
Confounding variables
Women filled in 2 questionnaires during their pregnancy, one at the first and the other at the third trimester of gestation. The questionnaires were administered by trained interviewers and focused on sociodemographic, environmental, and lifestyle information during pregnancy. The maternal covariates and potential confounders obtained were age at conception, educational level, country of birth, parity, smoking at the third trimester of pregnancy, environmental tobacco exposure during pregnancy, employment status during pregnancy, and prepregnancy body mass index. We quantified total environmental tobacco exposure during pregnancy as the sum of exposures at home, at places of entertainment, and at work.
We defined parental social class from the maternal or paternal occupation during pregnancy with the highest social class, according to a widely used Spanish adaptation of the International Standard Classification of Occupations approved in 1988 (ISCO88) coding system (12, 33) . Dietary information was collected by using a validated semiquantitative food frequency questionnaire of 101 food items (34, 35) . In the present study, we calculated the weekly intake of total seafood (sum of lean fish, large oily fish, canned tuna, small oily fish, shellfish, cephalopods, and other seafood) and daily intake of total fruits and vegetables (expressed in grams). Fish consumption during pregnancy has been associated with prenatal mercury levels in the same cohort elsewhere (12) .
Information about maternal consumption of multivitamin supplements was obtained from both questionnaires. Selenium supplementation was categorized into 2 groups (selenium supplementation vs. no selenium supplementation) and used as a possible confounder.
The maternal level of circulating vitamin D was analyzed in maternal serum extracted in the first trimester. Polychlorobiphenyl (PCB) congeners 118, 138, 153, and 180 and lead levels were analyzed in cord blood samples taken at delivery. PCB congener levels were available only for the Valencia and Gipuzkoa cohorts. Information related to the child's gestational age, sex, anthropometric measures, type of delivery, and the Apgar score at birth was obtained from clinical records. Low birth weight was defined as less than 2,500 g, and small for gestational age in length was defined as a length less than percentile 10. Preterm birth was considered to be less than 37 weeks of gestation, and very preterm birth was considered to be less than 34 weeks of gestation.
In a subsequent interview, information about duration of breastfeeding, main care provider, number of siblings, maternal employment status, and parental smoking habit was obtained. Breastfeeding was defined as receiving breast milk and allowing supplementation of any food or liquid including nonhuman milk.
There is some indication that certain antioxidants may modify mercury metabolism and toxicity. Selenium has been shown to confer a certain amount of protection against mercury toxicity (36) , and a diet rich in fruits has been associated with a decrease in mercury levels (37) . Breast milk has a high content of long-chain polyunsaturated fatty acids and other micronutrients that may also mitigate the deleterious effect of mercury (38) . Moreover, a beneficial role of vitamin D in the developing brain through antioxidant and detoxification mechanisms has been postulated (39) . Prenatal exposure to lead and PCB congeners has been related previously to deleterious effects on neurodevelopment (40) (41) (42) .
Statistical analysis
Univariate and multivariate linear regression models were built to assess the relation between mental and psychomotor development scales and parental and infant covariates. Beta coefficients and 95% coefficient intervals were obtained.
A 2-step procedure was used for multivariate model building. In the first step, a core model was built for both mental and psychomotor scales using all the significant covariates in the univariate analysis (P < 0.1). Following a backward elimination procedure, all the covariates associated with the mental scale and the psychomotor scale at a level of P < 0.1 in the likelihood ratio test were retained in the models. Into these adjusted models we introduced the cord blood total mercury. Total mercury was log 2 transformed because of its skewed distribution. In all these models, additional confounders were included if they changed the magnitude of the main effects by more than 10%. Fish intake during pregnancy was introduced into the models because of its association with exposure (12) . The calorie intake variable was included in all models because of its association with the intake of food (26) .
Generalized additive models were used to assess the linearity of the relation between total mercury and infant development by graphical examination and the likelihood ratio test.
The effects of potential modifiers, such as maternal fruit and vegetable intake during pregnancy, selenium supplementation, serum vitamin D, and smoking habit during pregnancy, as well as infant's sex, infant's age, breastfeeding, cord blood lead level, and total PCB, on coefficients for associations with total mercury were assessed through stratified analysis.
Finally, a meta-analysis was also performed to obtain combined estimates of the association between prenatal total mercury exposure and infant neurodevelopment by cohort in order to explore if there was heterogeneity among cohorts. The estimates of association were obtained through weighted regression in which the weights were the inverse of the local variances, that is, the ''fixed-effect model.'' Heterogeneity was quantified with the I-squared measure (I 2 ) (43) under the fixed-effect hypothesis and, if heterogeneity was detected (I 2 > 50%), the ''random effect model'' was applied.
The main analyses were carried out by using the Stata, version 9, statistical package (StataCorp LP, College Station, Texas), and generalized additive models were performed by using R, version 2.12.1, language with the mgcv library (12, 44) . (The name of the library comes from the method used to pick the smoothing parameters: multiple generalized cross-validation.)
RESULTS
A total of 23.9% of the children in whom a development test was available did not participate in this study. The main reason was that there was no cord blood available for mercury determination. There were no significant differences between children included in the original cohort (n ¼ 2,361) and those that were finally included in this study (n ¼ 1,683) regarding sex, breastfeeding, maternal age, social class, educational level, smoking habit, and country of birth. The only significant differences found were for preterm delivery and low birth weight. Lower percentages of preterm deliveries and babies with low birth weight were included in this study than in the original cohort (data not shown).
The study population consisted of 1,683 children for whom both prenatal total mercury levels and neurodevelopmental test results were available. Of these, 52.4% were boys, 56.7% had no siblings, 46.0% were breastfed for more than 24 weeks, 64.7% did not attend nursery school, 3.2% were preterm, 9.4% were small for their gestational age, and 3.6% had a low birth weight. With regard to the mothers' characteristics, 41.1% had completed secondary education, 44.3% were 30-34 years of age at delivery, 40.9% belonged to the lower class, 92.2% were Spanish, 70.1% had a healthy weight before pregnancy, 15% were smokers during the third trimester of pregnancy, and 25.3% were smokers at the time of the neurodevelopmental test (Tables 1 and 2 ). The variables associated with the mental scale were mother's age, social class, country of origin, employment status during pregnancy, prepregnancy body mass index, weeks of gestation, low birth weight, and infant's main care provider. The children's mental scale decreased with maternal age, lower social class, and before pregnancy body mass index. Low birth weight children had a lower mental scale result. The children's sex also determined the mental scale: Boys had a lower score than did girls. The mother's country of birth was also significant, with children of immigrant mothers having a lower score than those of Spanish mothers. The mental scale results of the children increased with the weeks of gestation and when the mother had help looking after the child ( Table 1) .
The variables associated with the psychomotor scale were social class, prepregnancy body mass index, weeks of gestation, being small for gestational age, number of siblings, attending a nursery school, and paternal smoking. Children belonging to lower social classes had lower psychomotor scale results, as did those of mothers who were overweight before conceiving. Children who had not started going to a nursery school when the test was done had higher scores than those who had ( Table 2) .
The geometric mean of cord blood total mercury levels in the children taking part in this study was 8.4 lg/L (95% confidence interval (CI): 8.1, 8.7). Sixty-five percent of the children exceeded the reference level established by the EPA (6.4 lg/L of total mercury equivalent to 5.8 lg/L of methylmercury). When the variable log 2 total mercury was introduced in the multivariate models of mental scale and psychomotor scale (Tables 1 and 2 ), no significant association was found, even after adjustment for the variable total fish consumption during pregnancy or consumption of each type of fish. By use of generalized additive models, the relation between the 2 response variables, mental scale and psychomotor scale, and prenatal mercury exposure was found to be linear, as shown by the Akaike test and graphical representation.
The study population was stratified as a function of certain variables related to pregnancy and childhood in order to study any possible change in the effect of prenatal mercury exposure on the children's mental and psychomotor development. Figures 1 and 2 show the beta coefficients and 95% confidence intervals obtained. None of the variables considered produced a significant change in the association between mercury exposure and the child's mental scale, although a change in direction of the beta coefficient was found for some variables. Female sex, no selenium supplementation during pregnancy, low levels of vitamin D during pregnancy, cord blood lead levels !2 lg/dL, and smoking during pregnancy caused the association between prenatal mercury exposure and the child's mental scale to be negative, although this difference was not significant (Figure 1) .
The association between prenatal mercury exposure and psychomotor scale was significantly changed only when the study population was stratified by sex. In girls, the coefficient was negative and almost reached statistical significance (b ¼ À1.09, 95% CI: À2.21, 0.03) (P interaction ¼ 0.033) (Figure 2 ).
No heterogeneity in the effect of prenatal mercury exposure on psychomotor scale and mental scale was found as a function of the original cohort (Figures 3 and 4) .
Sensitivity analyses were done to evaluate the robustness of the multivariate models, and these were repeated after eliminating certain population subgroups: preterm birth (n ¼ 54), low birth weight (n ¼ 61), children with an underlying pathology (as very preterm, epilepsy, hypotonia, plagiocephaly, or fetal suffering, n ¼ 12), or those in whom the quality test was uncertain (n ¼ 104). No significant changes were found in the results (data not shown).
DISCUSSION
In this multicenter cohort study in which a high percentage of newborns had cord blood mercury levels above the reference dose established by the EPA (5.8 lg/L for methylmercury), no significant association between prenatal mercury exposure and mental and psychomotor development was found.
Other birth cohort studies conducted in Canada (12, 23, 45) , the United Kingdom (7), Brazil (24), China (27) , and the United States (25) did not find a significant association between prenatal exposure to mercury and delayed cognitive development in children under the age of 3 years (Table 3 ). In the Seychelles Islands, the mercury levels analyzed in pregnant women's hair were not associated with delayed cognitive development in children up to the age of 30 months. It has been argued that this lack of an association may be due to the confounding effect of the beneficial nutrients in fish, such as fatty acids (26) . However, in our study, when we controlled for the possible protective effect of consuming fish during pregnancy, the results did not change.
Nevertheless, in another 4 longitudinal studies, a significant association was found between prenatal mercury exposure and adverse effects on the cognitive development of children under the age of 3 years. Birth cohort studies conducted in the Faroe Islands (19) , United States (20) , Japan (21), and Poland (22) found that infant neurobehavioral function was affected by prenatal exposure to mercury.
At older ages (!3 years), the number of studies that found an association between delayed cognitive development and prenatal mercury exposure increases. Eight longitudinal studies were found in which this possible association was evaluated, and in 6 of them positive results were obtained: in the Faroe Islands (17, 46, 47) , in New Zealand (48) , in the United States (42, 49) , and in Quebec (Canada) (50, 51) . However, in another 2 studies conducted in Quebec (52) and the Seychelles Islands (53) , no evidence of an association was found. In the Seychelles Islands study, an inverse association was found between mercury and the test of child's memory at 10 years of age, although it was no longer significant when the outlier data were deleted.
After review of the results obtained in these birth cohorts, it may be concluded that the evidence of adverse effects of prenatal mercury exposure on neurodevelopment is inconclusive, especially at early ages (under 3 years of age). This lack of homogeneity in the results should be studied more in depth, as well as the existence of possible modifying factors that could be influencing the effect of mercury exposure on infant neurodevelopment. In addition, the fact that an adverse effect at later ages has been found in several studies suggests that it is necessary to continue evaluating children over time, in order to study any late effects resulting from prenatal or early exposure during childhood.
Stratified results by sex suggest that prenatal mercury exposure may have an adverse effect on the psychomotor development of girls. Few epidemiologic studies have paid attention to the susceptibility to the neurotoxic effects of heavy metals as a function of gender in humans, and the few results available are not conclusive. Some studies indicate that boys are more vulnerable than girls (54, 55) . Davidson et al. (56) found results similar to ours in 2004 when they studied the effect of social factors on the neurotoxicity of prenatal mercury exposure in the Seychelles Islands. They obtained negative regression coefficients for girls and positive ones for boys at the age of 5.5 years, although the differences were not significant. The existence of certain internal factors (such as the order of birth, genetics, hormones, nutrition, and so on) may interact with the sex and result in potential differences in susceptibility, although this should be confirmed in future studies.
Prenatal coexposure to mercury and other neurotoxins, such as PCB congeners or lead, was not found to increase the likelihood that the cognitive development of the children in our cohort would be affected. Stewart et al. (42) did find an adverse effect of prenatal mercury exposure in children with higher cord blood PCB congener levels. No effect of protective factors, such as a diet rich in fruits and vegetables during pregnancy, vitamin D levels, or selenium supplementation, was found either.
The longitudinal character of this study made it possible to obtain sufficient information concerning maternal and child characteristics that may affect mental and psychomotor development, as well as those that may act as confounders of exposure. In addition, because the study population was followed up over time, it was possible to detect changes in certain variables such as smoking, which may affect children's cognitive development.
There may be a selection bias because children in whom cord blood was not available were excluded from the analysis. We mentioned above that the only differences between the children included in this study and the participants in the original cohort were related to the variables preterm delivery and low birth weight; however, we do not believe that this affects the results of our study. The sensitivity analyses performed, excluding preterm children from analysis, confirm the stability of our results.
In conclusion, the results among the whole cohort do not indicate any significant association between prenatal mercury exposure and delayed mental and psychomotor development during the second year of life in the children of the INMA cohort. However, stratified findings by sex suggest a negative association between prenatal exposure to total mercury and psychomotor development among female infants, although further similar studies should be done to confirm these results. With other factors taken into account, such as coexposure to mercury and lead or to PCB congeners, a low consumption of fruits and vegetables during pregnancy, low vitamin D levels, or smoking during pregnancy does not appear to increase the susceptibility to the neurotoxic effects of mercury.
At present, there is insufficient evidence of the possible neurotoxic effects of prenatal mercury exposure, especially at early ages, and more research is needed. On the other hand, some studies have found significant associations at older ages; hence, it is advisable to continue evaluating children neuropsychologically throughout childhood in our study.
